Introduction
============

The treatment of breast cancer depends on its pathological type and estrogen receptor α (ERα) expression. Although the incidence of breast cancer has increased year by year among women in United States from 2004 to 2014, and has begun affecting younger age groups, the increased attention to (in terms of scientific studies) and subsequent improvements in the comprehensive treatment of breast cancer have resulted in decreases in breast cancer mortality in the United States over the past two decades ([@b1-ol-0-0-7768]). Among these improvements, endocrine therapy in breast cancer has received attention and has become the focus of numerous studies. A previous study demonstrated that \>70% of patients with breast cancer are ERα-positive (ERα^+^), affording clinicians the opportunity to provide adjuvant endocrine therapy ([@b2-ol-0-0-7768]). The selective estrogen receptor modulator tamoxifen (TAM) and aromatase inhibitors, including anastrozole, exemestane and letrozole, may inhibit disease recurrence in patients with ERα^+^ breast cancer, providing evidence of the involvement of ERα in the pathogenesis of breast cancer ([@b3-ol-0-0-7768],[@b4-ol-0-0-7768]). However, a number of patients with breast cancer treated using endocrine therapy will develop resistance to these drugs, resulting in disease recurrence and leading to tumor progression. A previous study indicated that \~40% of patients that received TAM or other endocrine treatment would experience disease recurrence ([@b5-ol-0-0-7768]). Prior studies have proposed a variety of possible mechanisms of TAM resistance in breast cancer, including ER and growth factor receptor interaction ([@b6-ol-0-0-7768]), and ER loss and mutation ([@b7-ol-0-0-7768]). However, the mechanism of endocrine resistance is complicated, and certain studies have identified that specific cases of secondary drug-resistant breast cancer remain ER^+^ ([@b8-ol-0-0-7768],[@b9-ol-0-0-7768]). ER post-transcriptional modification is also considered to be one of the important mechanisms of TAM resistance ([@b10-ol-0-0-7768]). In addition, the abnormal expression of microRNAs (miRNAs/miRs) associated with drug resistance may lead to tumor cell drug resistance and secondary metastasis.

miRNAs are short, non-coding RNA molecules that regulate gene expression at the post-transcriptional level by directly binding to the 3′-untranslated region (3′-UTR) of the target mRNAs, causing translation inhibition, which is often accompanied by mRNA decay ([@b11-ol-0-0-7768]). Microarray technology is used to detect abnormal expression profiles of miRNAs in a range of types of cancer, such as breast cancer. A number of studies have demonstrated that miRNA expression profiles are associated with tumor grades and patient prognoses ([@b12-ol-0-0-7768],[@b13-ol-0-0-7768]). In cancer cells, miRNAs have been divided into oncogenic miRNAs and tumor suppressor miRNAs. Iorio *et al* ([@b14-ol-0-0-7768]) used microarrays containing all known miRNAs to quantify the expression levels of miRNAs in 76 breast tumors, and compared the results with those obtained from 34 normal breast tissue samples. The results indicated that the expression levels of 29 miRNAs changed significantly in breast cancer. Additional analysis indicated that miR-10b, miR-125b, miR-145, miR-21 and miR-155 were necessary to distinguish between cancerous and normal tissues, with miR-10b, miR-125b and miR-145 being significantly downregulated, and miR-21 and miR-155 being significantly upregulated ([@b14-ol-0-0-7768]). Iorio *et al* ([@b14-ol-0-0-7768]) demonstrated that these 5 miRNAs exhibited significant effects on the formation and growth of tumors, likely because they served a role in promoting or inhibiting the expression of estrogen and progesterone receptors in breast cancer. At present, the principle mechanism of TAM resistance in breast cancer remains unclear, and the mechanism of miRNA regulation has not been fully elucidated. Therefore, the present study initially established TAM-resistant breast cancer cell lines by two different methods, and identified novel avenues for reversing TAM resistance by using HiSeq 2500 sequencing technology to screen resistance-associated miRNAs.

The ERα expression level is an important indicator of prognosis and is associated with breast cancer drug resistance. It has been demonstrated that miRNA-206 expression is significantly reduced in ERα^+^ breast cancer ([@b15-ol-0-0-7768]); miR-206 may inhibit the expression of ERα on mRNA and protein levels, indicating that miRNA-206 could be used as a breast cancer endocrine therapy target ([@b16-ol-0-0-7768]). In addition, the study of TAM-resistant breast cancer cell lines has indicated that miR-221/miR-222 was significantly elevated in the TAM-resistant cell line ([@b17-ol-0-0-7768]). miR-221/miR-222 inhibited the expression of tumor suppressor cyclin-dependent kinase inhibitor 1B (p27^kip1^), which resulted in p27^kip1^ decline ([@b17-ol-0-0-7768]). With the reduction of p27^kip1^, the migratory and invasive abilities of cells were increased, promoting the metastasis of breast cancer ([@b18-ol-0-0-7768]). The expression of miR-21 is associated with ERα. A decrease in miR-21 expression led to the activation of expression of its target genes, programmed cell death 4 (PDCD4), phosphatase and tensin homolog and B-cell lymphoma 2 (Bcl-2), significantly increasing the sensitivity of tumor cells to aromatase inhibitors ([@b19-ol-0-0-7768],[@b20-ol-0-0-7768]). Concurrently, it was identified that the expression of miR-21 was positively correlated with the expression level of receptor tyrosine-protein kinase erbB-2 (HER2/neu). HER2/neu promotes the expression of miR-21 by activating the mitogen-activated protein kinase extracellular signal-related kinase 1/2 (MAPK ERK1/2) pathway, and the upregulation of miR-21 inhibits the expression of its target gene, PDCD4, a tumor metastasis suppressor protein ([@b21-ol-0-0-7768]). Therefore, the maintenance of expression and function of various proteins, including enzymes, depends on the specific regulation of miRNAs. If miRNA expression is abnormal, it will disrupt the homeostasis of gene expression, and lead to the abnormal expression of drug-associated genes, and finally result in the occurrence of drug resistance. In the present study, the human breast cancer MCF-7 cell line and two drug-resistant strains, MCF-7C and MCF-7T, were studied. miRNA expression was detected using the HiSeq 2500 sequencing system, identifying miRNAs with differential expression, which provide a basis for additional functional studies.

In the present study, two different drug-resistant breast cancer cell lines were established using two different methods of drug administration. Dose stepwise induction was used in the establishment of the MCF-7C line. Following each treatment with progressively increasing concentrations of 4-hydroxytamoxifen (OHT) screening medium, the drug-containing medium was replaced with drug-free complete medium, the apoptotic cells were removed, and the viable cells were allowed to proliferate. This process provided the appropriate time interval for tumor cells to activate relevant physiological pathways, including the Erk and PI3K pathways ([@b10-ol-0-0-7768]). Therefore, the tumor cells gradually adapted to the stimulation of drugs, and then obtain drug resistance. Drug-resistant cell lines established using gradual increases in drug concentration are considered to have acquired resistance during the processes of changing and remodeling of cell proliferation, cell cycle, apoptosis and genetics, consequently having acquired resistance in the process of screening and culturing ([@b22-ol-0-0-7768]). Therefore, we hypothesize that the MCF-7C line is a cell line with acquired drug-resistance. The other drug-resistant cell line, MCF-7T, was established by a temporal stepwise method, beginning with a high concentration of OHT. The culture time gradually increased from 1 to 48 h, and then to 72 h. The selection process provided a time interval that not only facilitated the repair of slightly damaged cells, but also favored the removal of cells that were relatively drug-sensitive, while cells that were inherently relatively resistant were retained. It is considered that a temporal stepwise method of inducing drug-resistant strains, beginning with high concentrations, preserved the cells with drug-resistant characteristics, namely the endogenous drug-resistant cells ([@b23-ol-0-0-7768]). Therefore, we hypothesized that the MCF-7T cell line was a combination of exogenous and endogenous resistance characteristics.

Materials and methods
=====================

### Reagents

The human breast cancer MCF-7 cell line was purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA). Dulbecco\'s modified Eagle\'s medium (DMEM), fetal bovine serum, trypsin and phosphate-buffered saline (PBS) were all purchased from Hyclone; GE Healthcare Life Sciences (Logan, UT, USA); OHT was purchased from Sigma-Aldrich; Merck KGaA (Darmstadt, Germany); EMD Millipore^™^ Immobilon^™^ Western Chemiluminescent HRP Substrate (ECL) was purchased from EMD Millipore (Billerica, MA, USA), and the rabbit anti-human ER (dilution 1:500; sc-543) and mouse anti-human GAPDH (dilution 1:500; sc-293335) antibodies were purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA).

### Establishment of the TAM-resistant MCF-7C cell line using an OHT dose stepwise induction method

The MCF-7C cell line was established using OHT as the screening drug and the two-step screening method based on an OHT dose stepwise induction. This method was divided into two phases: Adaptation and consolidation. In the adaptation phase, MCF-7 cells were cultured to 70% confluence at 37°C in a humidified atmosphere containing 5% CO~2~, then treated with 10 nM OHT-containing DMEM for 72 h three times, with medium being removed and re-introduced between each step, followed by 20, 50, 100, 200, 500 and 800 nM OHT dose screens. In the consolidation phase, the cell line that was resistant to 800 nM would be cultured in 1000 nM OHT medium at 37°C in a humidified atmosphere containing 5% CO~2~ for 72 h and the medium was removed and re-introduced ten times. PBS was used for immediate washing following every change of medium. Following sequential treatment and culturing for a period of 1 year, until the cells were normalized in the selection culture medium (1 µM OHT), the MCF-7C cell line was considered to be successfully established.

### Establishment of the MCF-7T cell line (temporal stepwise induction with high concentration of OHT)

The MCF-7T cell line was established by temporal stepwise induction, beginning with a high concentration of OHT, using the breast cancer MCF-7 cell line as the parental cell line and OHT as the screening agent. Again, the method was divided into two stages, adaptation and consolidation. MCF-7 cells were cultured for 1 h in 1 µM OHT-containing DMEM three times, with medium being removed and re-introduced between each step, in total at 37°C in a humidified atmosphere containing 5% CO~2~. Then, culture times of 2, 4, 12, 24 and 48 h were sequentially performed in 1 µM OHT medium three times at 37°C. In the consolidation stage, the cells obtained from the adaptation stage were cultured in 1 µM OHT medium for 72 h and the 1 µM medium was removed and re-introduced 10 times. PBS was used for immediate washing following every medium change. MCF-7T cell line was successfully established by continuous culture with 1 µM OHT.

### Expression of ER protein was detected by western blot analysis

Proteins from MCF-7 cells and the drug-resistant sub-clones were harvested using immunoprecipitation assay lysis buffer (Beyotime Institute of Biotechnology, Haimen, China) and protein samples were prepared through sonication at 20 KHz and the concentration was determined by BCA method. Protein samples (50 µg) were subjected to 8% SDS-PAGE, and the proteins were then transferred from the gel to a polyvinylidene fluoride membrane, the membrane was next blocked in TBS with Tween-20 with 5% skim milk (BD Biosciences, Franklin Lakes, NJ, USA) at room temperature for 2 h, followed by incubation with the ER antibody (dilution 1:500) at 4°C overnight then with the mouse anti-rabbit secondary antibody sc-2357 (dilution 1:500; Santa Cruz Biotechnology, Inc.) at room temperature for 2 h. Bands were detecting using the ECL reagent, developed with X-ray film and scanned using Gel Doc^™^ XR+ Imaging System (Bio-Rad Laboratories, Inc., Hercules, CA, USA) to obtain image data. Finally, the expression level of the target protein was obtained through AlphaEaseFC version 6.0 (ProteinSimple, San Jose, CA, USA) image analysis.

### Total cellular RNA extraction

Cells in the log growth phase were harvested and TRIzol^®^ (Life Technologies; Thermo Fisher Scientific, Inc., Waltham, MA, USA) was used to isolate RNA at 4°C according to the manufacturer\'s instructions. The separated RNA was dissolved in diethyl pyrocarbonate water and diluted to 500 ng/µl. The concentration and purity of RNA was quantified using a NanoDrop 2000 Ultraviolet Spectrophotometer (NanoDrop Technologies; Thermo Fisher Scientific, Inc., Pittsburgh, PA, USA). Samples with an optical density (OD)260/OD280 ratio of 1.8--2.0 were considered to have met the requirements.

### Library construction and sequencing

Small RNA high-throughput sequencing was performed by Beijing Biomarker Biotechnology Co., Ltd. (Beijing, China), and the library was constructed and sequenced as follows: 1.5 µg RNA was used as the initial amount of the RNA sample and the volume of the sample was supplemented with water to make a total reaction volume of 6 µl. Next, the library was constructed using the small RNA Sample Prep kit (New England Biolabs, Ltd., Beijing, China), according to the manufacturer\'s instructions. Subsequent to the construction of the library, the concentration of the samples was determined by Qubit 2.0 (Life Technologies; Thermo Fisher Scientific, Inc.) and the samples within the library were diluted to a concentration of 1 ng/µl. The insert size was then examined using the Agilent 2100 Bioanalyzer (Agilent Technologies, Inc., Santa Clara, CA, USA). High-throughput sequencing of the library was performed using the HiSeq 2500 library with sequencing read length single-end (SE) of 50 nt at Biomarker Biotechnology Co., Ltd.

### miRNA analysis and identification

As miRNA transcription initiation sites are primarily located in the gene spacer, intron and reverse complement sections of the coding sequence, the precursors have a marked hairpin structure that is formed by the cleavage of the endoribonuclease Dicer/Dicer-like enzyme ([@b24-ol-0-0-7768]). On the basis of the distribution of length of reads on the precursor sequence (based on the characteristics of the miRNA, mature, star, loop sections) and the energy information of the precursor structure, which is based on the sequence of reads (RNA-fold), miRDeep2 software version 2.0.0.8 (Max Delbrück Center for Molecular Medicine, Berlin, Germany) was used to identify known and novel miRNAs.

### Differential expression profiling of miRNA

miRDeep2 software was used to identify known miRNAs and predict novel miRNAs by alignment to the reference genome GRCh37 (<http://grch37.ensembl.org/Homo_sapiens/Info/Index>). The expression of miRNAs in each sample was analyzed statistically using EBseq R package version 1.19.0 (Bioconductor; <https://www.bioconductor.org/help/>) and the expression was normalized using a Transcript Per Million algorithm ([@b25-ol-0-0-7768]). In the process of differential expression miRNA detection, \|log~2~ fold change (FC)\| ≥1 and false discovery rate (FDR) ≤0.01 were used as the screening criteria. The FC represents the ratio of expression between two samples (groups). The P-value of the original hypothesis may be expressed as the probability of non-discrepancy. As the differential expression analysis of miRNAs is an independent statistical hypothesis test for a large number of miRNA expression, there will be a false-positive issue. Therefore, in the process of analysis, the Benjamini-Hochberg correction method was used to calculate the P-value, and the FDR was used as the key indicator of differential expression profiling of miRNA to identify the differentially expressed genes (DEGs). Hierarchical cluster analysis of DEGs was performed using TMeV version 4.9.0 (GitHub, Inc., San Francisco, CA, USA).

### Statistical analysis

Data are presented as the mean ± standard deviation. Statistical differences between groups in western blot analysis were assessed using analysis of variance with a post hoc least significant difference test on SPSS version 22 (IBM Corp., Armonk, NY, USA). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Western blotting detects ERα protein in MCF-7, MCF-7C and MCF-7T cells

The protein expression of ERα was detected by western blotting. The expression of ERα in MCF-7C and MCF-7T cells was significantly increased, compared with MCF-7 cells ([Fig. 1](#f1-ol-0-0-7768){ref-type="fig"}; P\<0.01).

### MiRNA differential expression analysis

In the present study, the expression levels of miRNAs in MCF-7 cells and TAM-resistant breast cancer cell lines were assessed using HiSeq 2500 sequencing technology. The results indicated that 1,646 miRNAs were detected in the 3 cell samples, including 1,376 known miRNAs and 270 predicted miRNAs. In the process of differential expression miRNA detection, \|log~2~ FC\| ≥1 and FDR ≤0.01 was used as the screening criteria. The results indicated that there were 118 miRNAs that exhibited significant differences in expression between MCF-7C and MCF-7 cells (P\<0.05); among them, there were 67 upregulated and 51 downregulated miRNAs. Upregulated miRNAs in MCF-7C included let-7c, let-7e, miR-21 and miR-486, whereas downregulated miRNAs included miR-146a, miR-148a and miR-342. There were 42 miRNAs that exhibited significant differences in expression between MCF-7T and MCF-7 (P\<0.05); among them there were 23 upregulated and 19 downregulated miRNAs. Upregulated miRNAs in MCF-7T included let-7i, miR-145, miR-199b and miR-486, whereas downregulated miRNAs included miR-146a and miR-27a. Compared with the drug-resistant MCF-7T cell line, 126 miRNAs were expressed at significantly different levels in MCF-7C cells (P\<0.05); among them there were 76 upregulated and 50 downregulated miRNAs. Upregulated miRNAs in MCF-7C included let-7c-3p and let-7e-5p, whereas the downregulated miRNAs included miR-145-5p, miR-148a-5p and miR-199b. The number of DEGs is summarized in [Table I](#tI-ol-0-0-7768){ref-type="table"}.

The differentially expressed miRNAs exhibiting the same or similar expression behavior were clustered by hierarchical cluster analysis. The cluster results of differentially expressed miRNAs are presented in [Fig. 2](#f2-ol-0-0-7768){ref-type="fig"}. Certain differentially expressed miRNAs in the two drug-resistant breast cancer cell lines are summarized in [Table II](#tII-ol-0-0-7768){ref-type="table"}.

Discussion
==========

miRNAs have become the focus of current oncology studies. A previous study have identified that miRNA may regulate gene expression, and affect the development, metabolism and other physiological processes of disease ([@b11-ol-0-0-7768]). microRNAs are short non-coding RNA molecules that regulate gene expression at post-transcriptional levels by directly targeting the 3′-UTR of target mRNAs. These molecules participate in the regulation of the signaling pathways and genes involved in tumorigenesis and progression, thereby affecting cellular processes such as differentiation, migration and apoptosis ([@b26-ol-0-0-7768]). A large number of studies have indicated that miRNAs may regulate the expression of oncogenes or tumor suppressor genes, and serve the roles of oncogenes or tumor suppressor genes ([@b27-ol-0-0-7768]). miRNAs are aberrantly expressed in a variety of cancer cells, including those of breast cancer ([@b28-ol-0-0-7768]). Previously, studies have indicated that miRNAs are not only closely associated with the occurrence and development of tumors, but also serve a notable role in the development of drug resistance ([@b29-ol-0-0-7768]). It is speculated that the differential expression of miRNA may also be involved in the regulation of TAM resistance in breast cancer. At present, little is known about miRNAs in TAM-resistant breast cancer. miRNA detection methods include miRNA microarrays and small RNA sequencing. Compared with microRNA microarrays, microRNA sequencing has a number of advantages, including increased data throughput capacity, higher sensitivity and accuracy, wider dynamic detection range, more abundant content of bioinformatics analysis and the ability to detect unknown microRNAs ([@b30-ol-0-0-7768]).

The let-7 miRNA family was the second miRNA to be identified ([@b31-ol-0-0-7768]), and is one of the most widely-studied miRNAs. The let-7 family is highly conserved in terms of sequence and functions, and its expression in tumor cells is usually reduced ([@b32-ol-0-0-7768]). Let-7 may regulate the epithelial-mesenchymal transition (EMT) of tumor cells ([@b33-ol-0-0-7768]). Low let-7 expression is usually characterized by mesenchymal cells. High expression of let-7 is a characteristic of epithelial cells. The expression of let-7 is closely associated with the malignancy of tumors. As a tumor suppressor gene, it serves an important role in cell growth, differentiation and apoptosis, primarily through the regulation of proto-oncogenes or transcription factors ([@b34-ol-0-0-7768]). For example, a decrease in let-7 expression in breast cancer stem cells results in an overexpression of the RAS proto-oncogenes ([@b35-ol-0-0-7768]). Estrogen receptor signaling may induce the expression of let-7a, while downregulating the expression of its target genes, v-myc avian myelocytomatosis viral oncogene homolog MYC and K-Ras, inhibits tumor cell proliferation ([@b36-ol-0-0-7768]). Chen *et al* ([@b20-ol-0-0-7768]) identified that the expression of ERα-36 (a 36-kDa novel isoform of ER-α66) was downregulated by let-7 in mammary glands, which decreased the phosphorylation of ERK and RAC serine/threonine-protein kinase (Akt), and affected the MAPK/ERK and phosphoinositide 3-kinase (PI3K)/Akt signaling pathways. In TAM-resistant breast cancer cells, increasing the expression of let-7 may reduce the expression of ER-α36, thereby enhancing the sensitivity of tumor cells to drugs ([@b37-ol-0-0-7768]). However, the high expression of let-7 in the MCF-7C and MCF-7T TAM-resistant cell lines is not consistent with the previous study ([@b37-ol-0-0-7768]). The high expression of let-7 may be explained by high ERα protein expression; however, this mechanism in tumor cell resistance requires additional study and verification.

It has been demonstrated that miR-21 serves as a proto-oncogene and inhibits the expression of the pro-apoptotic gene Bcl-2, thus affecting tumor growth ([@b19-ol-0-0-7768]). In addition, miR-21 may regulate the metastasis and infiltration of cells by regulating a variety of tumor metastasis suppressor genes such as PDCD4 and tropomyosin 1α ([@b38-ol-0-0-7768]). The role of miR-21 in tumor drug resistance has attracted attention. Blower *et al* ([@b39-ol-0-0-7768]) demonstrated that the expression of miR-21 was associated with chemotherapeutic efficacy, and that reducing miR-21 levels improved the efficacy of multiple drugs, indicating that miR-21 expression is associated with drug resistance in breast cancer cells. miR-21 is highly expressed in adriamycin-resistant breast cancer cells, and the upregulation or downregulation of miR-21 may affect the sensitivity of breast cancer cells to doxorubicin ([@b40-ol-0-0-7768]). The results of the present study indicated that miR-21 expression in TAM-resistant cells was significantly increased. This is consistent with the findings of previous study, which demonstrated that estradiol inhibits miR-21 expression and estrogen antagonists may increase miR-21 expression, indicating that miR-21 and ER may interact with each other ([@b19-ol-0-0-7768]). Therefore, decreasing the expression of miR-21 may be a novel method of improving the treatment of patients with breast cancer. Lee *et al* ([@b41-ol-0-0-7768]) and Ota *et al* ([@b42-ol-0-0-7768]) suggested that there was a significant positive association between miR-21 expression and HER-2 status. As a commonly used marker for breast cancer, HER-2 is believed to promote tumor metastasis. Huang *et al* ([@b21-ol-0-0-7768]) demonstrated that HER-2 may increase the expression of miR-21 through the MAPK signaling pathway, promoting cell invasion. As ER and HER-2 are important indicators of endocrine therapy for breast cancer, indicating that miR-21 could be used as a predictor of endocrine therapy.

Previous studies demonstrated that miR-486 is downregulated in the majority of tumors ([@b43-ol-0-0-7768]--[@b45-ol-0-0-7768]). Zhang *et al* ([@b46-ol-0-0-7768]) identified that miR-486 was significantly downregulated in breast cancer tissues and cell lines. The overexpression of miR-486 may significantly inhibit the proliferation of breast cancer cells, induce G~0~/G~1~ arrest and promote cell apoptosis. Additionally, it was confirmed that the overexpression of proto-oncogene serine-threonine-protein kinase (PIM-1) attenuates the inhibitory effect of miR-486 on breast cancer cells ([@b43-ol-0-0-7768]). It was deduced that miR-486 may serve an anti-proliferative role by directly downregulating the expression of PIM-1 ([@b46-ol-0-0-7768]). Therefore, the interaction between the miR-486/PIM-1 axis may contribute to the understanding of the mechanism of drug resistance in breast cancer.

It has been identified that the overexpression of miR-146a in the highly metastatic human breast cancer MDA-MB-231 cell line significantly downregulated interleukin-1 receptor-associated kinase 1 and tumor necrosis factor receptor associated factor 6 expression, and negatively regulated nuclear factor-κB (NF-κB) activity, significantly reducing the invasive and migratory capacity of the cells ([@b47-ol-0-0-7768]). These data indicate that miR-146a is a negative regulator of NF-κB activity in human breast cancer cells, and the low miR-146a expression exhibited in the two drug-resistant cell lines in the present study indicating that the modulation of miR-146a levels may have potential therapeutic significance by inhibiting breast cancer metastasis and drug resistance.

Insulin receptor substrate-1 (IRS-1) and insulin-like growth factor I receptor (IGF-IR) induce multiple signaling cascades such as PI3K/AKT and MAPK/ERK, and control tumor formation and progression ([@b48-ol-0-0-7768]). miR-148a may inhibit the proliferation of breast cancer cells by regulating IRS-1 and IGF-IR. The upregulation of miR-148a may specifically inhibit the expression of IGF-IR/PKM2. miR-148a may inhibit tumor metastasis and invasion by the regulation of specific target genes, including hematopoietic-related PBX interacting proteins, matrix metalloproteinase 7, ubiquitin-specific protease 4, HOX transcriptional antisense RNA and S-phase kinase-associated protein 1. miR-148a may inhibit Bcl-2-induced tumor cell apoptosis ([@b49-ol-0-0-7768]). In the present study, when the expression of miR-148a in TAM-resistant cell lines was downregulated, the tumor inhibition in metastasis and invasion was weakened and the level of drug resistance was increased.

The results of sequencing in the present study indicated that miR-342 expression was significantly decreased in the TAM-resistant cell lines, which is consistent with the results of a previous study ([@b50-ol-0-0-7768]). Cittelly *et al* ([@b50-ol-0-0-7768]) identified that the inhibition of miR-342 expression incurred resistance to TAM in the breast cancer MCF-7 cell line. Conversely, by increasing the expression of miR-342, the rate of resistance development to endocrine therapy may be decreased and rates of apoptosis are increased in tumor cells ([@b50-ol-0-0-7768]); therefore, the tumor cells become sensitive to the drug treatment. miR-342 is aberrantly expressed in a variety of tumor cell models and the expression of miR-342 is associated with the expression of its host gene, Ena/vasodilator-stimulated phosphoprotein-like (EVL). It was identified that miR-342 was highly expressed in ERα^+^ breast cancer cells and decreased in ERα negative cells ([@b51-ol-0-0-7768]). However, EVL expression was significantly lower in ERα^+^ breast cancer cells that failed to respond to TAM treatment, compared to TAM-sensitive ERα^+^ breast cancer cells ([@b50-ol-0-0-7768]), so it was hypothesized that TAM-induced tumor cell resistance may be induced by inhibiting miR-342 expression. miR-342 may serve an important role in promoting cell apoptosis. miR-342 may be involved in the regulation of the mitotic-like POLO-like kinase signaling pathway and cell cycle-associated signaling pathway-associated proteins, such as cyclin B1 and tumor protein P53 ([@b50-ol-0-0-7768]). It has also been demonstrated that miR-342 may affect chemosensitivity by modulating histone methylation ([@b52-ol-0-0-7768]). Therefore, miR-342 may affect the sensitivity of MCF-7 cells to TAM, indicating that miR-342 may serve as a molecular marker for predicting TAM sensitivity in ER^+^ breast cancer, and may be a potential target for endocrine adjuvant therapy.

In addition, the results of the sequencing in the present study indicated that miR-27a was downregulated in the TAM-resistant cell lines. Feng *et al* ([@b53-ol-0-0-7768]) identified that miR-27a could bind to the 3′-UTR of the adenosine 5-triphosphate binding cassette subfamily B member 1 gene and inhibit its expression, and therefore may directly regulate the expression of the multidrug resistance protein P-glycoprotein. Concurrently, the overexpression of miR-27a in leukemia cells may increase chemosensitivity in leukemia cells. We hypothesized that inducible resistance as a result of low miR-27a expression in breast cancer cells may be associated with this mechanism.

Expression of miR-145 was upregulated in the TAM-resistant cell lines in the present study. Nam *et al* ([@b54-ol-0-0-7768]) suggested that miR-145 may target the upstream regulatory factors IGF-1R and signal transducer and activator of transcription 1 (STAT1) in glycolysis, thereby affecting cell metabolism and the expression of the Janus kinase/STAT signaling pathway, consequently regulating EMT and tumor metastasis.

The drug-resistant MCF-7C and MCF-7T cell lines exhibited different miRNA expression profiles, indicating that these drug-resistant cell lines have different molecular mechanisms of drug resistance. As they were established using different modes of drug administration, we hypothesize that TAM administration in the treatment of patients with breast cancer has an effect on the formation of drug resistance. Silencing of miR-199b-5p due to epigenetic changes, including promoter CpG island methylation, activates the JAG1-mediated Notch1 signaling cascade, leading to the development of acquired resistance in ovarian cancer ([@b55-ol-0-0-7768]). The expression of miR-199b-5p was downregulated in the MCF-7C cell line and upregulated in the MCF-7T cell line, indicating that MCF-7C may be a cell line that acquired drug-resistance by a dose stepwise induction method, which was consistent with a previous study ([@b55-ol-0-0-7768]). These results indicate that miR-199b-5p may be a novel therapeutic target for breast cancer therapy.

In the present study, drug resistance in MCF-7C cells was established by dose stepwise induction and in MCF-7T cells by a temporal stepwise method. The mechanism of drug resistance exhibited by MCF-7C cells may differ from that of MCF-7T cells. MCF-7C may be an acquired drug resistant cell line, and MCF-7T may be a combination of acquired resistance cells and endogenous resistant cells. A clearer and more detailed drug resistance mechanism requires further characterization. However, at present the two cell lines may only be distinguished by clinical concepts; there is a lack of specific criteria to determine whether *in vitro*-established drug-resistant cell lines exhibit endogenous or acquired resistance. The establishment of drug-resistant cancer cell lines is designed to provide the correct resources for overcoming clinical drug resistance to breast cancer. Therefore, the specific association between endogenous and acquired resistance requires additional study. The establishment of appropriate drug-resistant cancer cell lines will provide useful information for elucidating the mechanisms of tumor drug resistance, and thus methods for clinical treatment.

The expression of ER in MCF-7C and MCF-7T cells was significantly increased compared with that in the MCF-7 cells, indicating that the acquisition of TAM resistance in tumor cells may be independent of ER loss. On the basis of the results of the present and previous studies, we hypothesize that miR-21, miR-146a, miR-148a, miR-34a and miR-27a serve important roles in TAM resistance in breast cancer, and may be potential targets for breast cancer treatment. The roles of miR-486, miR-505, miR-29 and miR-145 require additional study. In the present study, the differentially expressed miRNAs associated with drug resistance in breast cancer cells were obtained by RNA sequencing technology, providing data for future studies and a basis for the identification of the mechanism of drug resistance and reversal of tumor drug resistance.

The present study was supported by grants from National Natural Science Foundation of China (grant nos. 81272372 and 30873044). The Project-sponsored by Scientific Research Foundation for Returned Overseas Chinese Scholars, State Education Ministry.

![ERα expression in MCF-7, MCF-7T and MCF-7C cell lines. (A) Western blot analysis and (B) quantitative analysis of western blot analysis normalized to GAPDH. Data presented represent the results of two independent experiments, each performed in duplicate. \*\*P\<0.01 compared with MCF-7. ERα, estrogen receptor-α.](ol-15-03-3532-g00){#f1-ol-0-0-7768}

![Differentially expressed miRNA clusters in MCF-7 (S01), MCF-7T (S02) and MCF-7C (S03) cell lines. Hsa, *Homo sapiens*; miR, microRNA.](ol-15-03-3532-g01){#f2-ol-0-0-7768}

###### 

Differentially expressed miRNA.

  DEG group           Total DEG   Upregulated   Downregulated
  ------------------- ----------- ------------- ---------------
  MCF-7C vs. MCF-7    118         67            51
  MCF-7T vs. MCF-7      42        23            19
  MCF-7C vs. MCF-7T   126         76            50

DEG, differentially expressed genes; miRNA, microRNA.

###### 

Expression of certain miRNAs in two drug-resistant breast cancer cell lines.

                MCF-7C vs. MCF-7   MCF-7T vs. MCF-7                         
  ------------- ------------------ ------------------ ------ --------- ---- ------
  Let-7c        1.1522             0                  Up     --        --   --
  Let-7e        1.3271             0                  Up     --        --   --
  Let-7i        1.0847             0                  Up     1.2287    0    Up
  miR-145-5p    --                 --                 --     2.7938    0    Up
  miR-486-5p    1.9927             0                  Up     1.3708    0    Up
  miR-21-3p     1.1983             0                  Up     --        --   --
  miR-146a-5p   −4.2962            0                  Down   −3.0789   0    Down
  miR-148a-5p   −6.1588            0                  Down   --        --   --
  miR-27a       --                 --                 --     −1.0310   0    Down
  miR-199b      −1.4658            0                  Down   2.1652    0    Up

DEG, differentially expressed genes; miRNA/miR, microRNA; FC, fold change.

[^1]: Contributed equally
